ABSTRACT: Sixteen agricultural waste products were subjected to pyrolysis at 550°C under a nitrogen atmosphere. The precursors which were treated in this manner were fruit stones and nut shells (peach, apricot and olive stones; date pits, almond, hazel nut and pistacio shells),fibrous materials (sugar cane bagasse, date palm branches and leaves. cotton stalks and wood meal), corn cobs, rice husks, alkali-washed rice hulls and barbecue charcoal. Low adsorption of nitrogen was observed at 77 K with low values being estimated for the corresponding BET surface areas and total pore volumes. The surface areas as determined from CO 2 adsorptionat 303 K were relativelyhigher and variousmicroporeparameterswere calculated from the Dubinin-Radushkevich equation. Iodine was adsorbed from aqueous solution in amounts higher than the apparent surface areas and Methylene Blue was also taken up in a similar fashion. Such behaviourwas attributed to the surface chemical natures of the chars which contribute to the higher uptake from aqueous solution. Generally, microporous products exhibiting a predominant uItramicroporosity were obtained under pyrolysis conditions,
INTRODUCTION
Chars are formed as a result of pyrolysis which is the initial stage in any gasification process. The raw carbonaceous material is converted into char as an intermediate product which is subsequently (or simultaneously) gasified. The use of the resulting char or its treatment to obtain activated carbons is naturally determined by the raw materials initially employed and depends on the properties of such primary precursors. Suitable adsorbent properties (adsorption capacity, hardness. granularity) require the use of mechanically stable chars which contain only a small fraction of macropores (Heschel and Klose 1995) . From investigations involving a large number of agricultural by-products, these authors concluded that the suitability of a given precursor can only be determined exactly on the basis of the properties of the coke (char) generated. Thus, the pore size distribution of the char obtained by pyrolysis largely determines the different pore size ranges exhibited by the resulting carbon and controls the bum-off of the carbon under practical activation conditions (Beeley et al. 1996) .
The carbonization process can be visualized as involving (a) carbon enrichment as volatile matter is lost. (b) the development of internal porosity or space as a result of the loss of volatile matter, (c) the progressive crosslinkage of the developed carbon-enriched material to create a rigid solid and (d) limited two-dimensional gasification with increasing heat-treatment temperature resulting in the closure of the developed porosity (Paster-Villegas et al. 1998) . In general, the shrinkage which occurs during the carbonization of a carbonaceous material plays a role in the generation of porosity in the char (Bansal et al. 1988) , the loss of volatile matter leading to pore widening whereas shrinkage of the structure is responsible for pore narrowing.
Thus, two factors essentially determine the porosity of chars, i.e. the carbonization conditions and the nature of the substrate. The former factor has received extensive consideration with respect to a variety of variables such as temperature, rate of heating, mode of heating, form and type of pyrolysis reactor, gaseous atmosphere employed, precursor grain size, etc. It should be noted that the effect of the precursor grain size has been comparatively less studied than the others listed.
Lignocellulosic materials, such as fruit stones and nut shells, have proved to be excellent precursors for the production of activated carbons because of their high carbon content, low inorganic impurities and suitable hardness. Several studies have been published which demonstrate the suitability of various agricultural by-products in the production of activated carbons [see, for example, Gergova et ai. (1992 Gergova et ai. ( , 1994 who studied apricot and cherry stones, grape seeds, almond nuts and coconut shells; Gonzales et al. (1995) who studied olive, peach, plum and cherry stones, almond and coconut shells; and Heschel and Klose (1995) who studied cherry, peach and plum stones, hazel nut and coconut shells]. Similar studies of other agricultural wastes have also been reported [see, for example, Girgis et al. (1994) who studied sugar cane bagasse; and Girgis and Ishak (1999) who studied cotton stalks]. In particular, Heschel and Klose (1995) have postulated that the morphology of the botanical structure is the factor which is mainly responsible for the hardness, density and porosity of the coke (char). The porosity of the raw material should provide reasonable information concerning the expected quality of the activated carbon.
The present study was devoted to an investigation of some chars obtained under standard and fixed conditions from a large variety of lignocellulosic waste materials (fruit stones, nut shells. fibrous material, corn cobs, rice husks and barbecue charcoal). It was aimed at demonstrating two aspects: (I) the role of the type oflignocellulosic substrate in developing the char porosity; and (2) the potential of the chars obtained in promoting adsorption from aqueous solution. For these purposes, the adsorption of nitrogen and carbon dioxide from the gaseous phase was examined together with that of iodine and Methylene Blue from aqueous solution.
EXPERIMENTAL

Materials and methods
Adsorbents
Sixteen agricultural raw materials were investigated covering three types of waste. The first involved fruit stones and shells, i.e. peach stones (PS), apricot stones (AP), olive stones (OS), date pits (DP). almond shells (AS), hazel nut shells (HZ) and pistacio shells (FS). With PS and AP, only the depitted shells were used. The second group included some fibrous materials, i.e. sugar cane bagasse (BA), date palm branches and leaves (DPB and DPL), cotton stalks (CS) and wood meal (WM).
Finally, the third group comprised corn cobs (cq, rice husks (RH), alkali-washed rice hulls (RHW) and barbecue charcoal (BQ).
A standard procedure was employed for the pyrolysis of all the substrates. Thus, 20 g of the dry, ground, raw material (0.5-2.0 mm diameter) was admitted into a stainless steel tube of dimensions 40 x 400 mm fitted with a wire gauze. A slow flow of nitrogen gas was allowed to pass through the tube whilst the latter was heated in a tube furnace at a temperature ramp sufficient to attain 550°C within 2 h. It was then maintained at this temperature for a further 2 h. The final product was weighed in order to ascertain the percentage yield of char.
The uptake of iodine or Methylene Blue from aqueous solution by each individual char was determined by means of a bottle test. Thus, in the case of iodine adsorption, 1 g of the powdered, predried char was added to 100 ml of a 0.02 N iodine/KI solution, shaken for a few minutes and left to stand for 24 h in order to attain equilibrium. The residual iodine in the aqueous phase was determined by back-titration against a 0.02 N Na,S,o, solution using starch as an indicator. For Methylene Blue, I g of the dry, powdered char was added to 100 rnl of the dye solution (1000 rng/l initial concentration) and left in a flask shaker for 24 h. The residual filtered dye solution was diluted appropriately and its absorption measured through the use of an UV-vis spectrophotometer at a wavelength A=670 nm.
Adsorption from the gaseous phase
A volumetric apparatus of the conventional type was employed to determine the adsorption of nitrogen at 77 K or of carbon dioxide at 303 K. Pressures up to ",,800 mmHg could beattained in the case of CO,. Values of 0.162 nm' and 0.253 nm', respectively, were taken for the cross-sectional areas of N 2 'and CO 2 molecules (Gergova and Eser 1996) .
Both the BET surface area (SOH) and the total pore volume (V p ) were evaluated from the nitrogen adsorption isotherms determined at 77 K, the former by applying the BET equation and the latter from the liquid volume of nitrogen at a relative pressure, PfPO, of 0.95. With the CO, isotherms, the Dubinin-Radushkevich equation (1947) was applied in the form: -
where A = RT In(P')/P).W is the volume of adsorbate within the pore structure at a relative pressure of P/p'l. W o is the micropore volume, Eois the characteristic adsorption energy and~is the affinity coefficient (0.48) (Carrasco-Marin et al. 1993) . A plot of In n. (amount adsorbed in mmol) versus [RT/~In(P'I/P)p should yield a straight line from which values of W; and Eomay be obtained from the intercept and slope, respectively. . The characteristic adsorption energy, Eo. is considered to be a function of the micropore size distribution of the carbon char. An equation of general applicability has been suggested by McEnaney (1987) which correlates the pore width (L, nm) accessible to an adsorbate and Eo (kllmol) by the expression:
Using the values of W, and L the micropore surface area (Smic) may be calculated from the expression (Centeno et at. 1995) : (3) assuming slit-shaped and open micropores.
RESULTS AND DISCUSSION
Laila B. Khalil/Adsorption Science & Technology Vol. 17 No.9 1999 Carbonization at 550°C was chosen for two reasons: (i) in order to expel most of the volatiles, since in physical (thermal) activation the primary thermal treatment is normally carried out in the temperature range S00-700°C; and (ii) because the TO curves for most lignocellulosic materials level off at ca. 450°C followed by a slow further weight loss at higher temperatures (Linares-Solano et al. 1980; Antal et al. 1990; Bota et al. 1997; Pastor-Villegas et al. 1998 ). In addition, our experience in this laboratory with many agro wastes (date pits, olive stones, cotton stalks) support this choice of temperature.
It is generally accepted that the intrinsic reactivities of solids should be expressed on an available surface basis. Typically, the surface areas of carbons are estimated using different approaches based upon an analysis of adsorption isotherms. There is a debate, however, between the appropriate adsorbate for this purpose, with both nitrogen and CO 2 being commonly used.
Adsorption of nitrogen at 77 K All the chars studied in the present work exhibited low adsorption of nitrogen, as is evident from the representative isotherms depicted in Figure I . Table I summarizes the BET surface areas and total pore volumes obtained for these samples, from which it will be seen that low apparent surface areas (in the range 6.1-34.9 m 2/g) were obtained. In fact, if the value for rice husks was omitted. the mean area value would be 11.1 m 2/g. Rice husks differ from the other substrates studied because of their high ash content (mainly present as silica), whose value increases to ca. 50% of the total weight on pyrolysis. Such an inorganic constituent might add surface area because of the presence of amorphous silica and/or could lead to enhanced carbon gasification thereby creating some porosity at 550°C. Low internal porosity values associated with total pore volumes (V ) of 0.011---0.077 ml/g were p also observed (Table 1) . The values of both V p and S~h support the suggestion that products with a poorly developed porosity are obtained consequent to simple carbonization of lignocellulosic substrates. However, some precursors exhibited a comparatively reasonable porosity, e.g. peach and apricot stones, almond shells, date palm branches and leaves, and rice husks. With barbecue charcoal, pyrolysis at 550°C led to the enhanced, additional removal of volatiles since this material was initially pyrolyzed under inadequate conditions. These observations could recommend materials such as PS, AP, AS, DPB, DPL and RH as good precursors for the production of activated carbons. (1993) distinguished three cases in the comparison of the apparent surface areas as measured by nitrogen and CO 2 : these were: SN 1 < Sm1; SN1 '" ScOz; SN1 > Seol'
Figures 2-5 display the Dubinin-Radushkevich (DR) plots for the adsorption of CO 2 on some of the chars studied presented as In n, (rnrnol/g) versus [RT/~In(POIP)F. The rectilinear DR plots for CO 2 depicted all exhibit a type C deviation at high pressures. This results from adsorption in pores which are wider than those associated with micropore filling and are therefore a consequence of a himodal distribution of A with W (Bradley and Rand 1995). Five texture parameters have been evaluated for each char based on the values of the intercept and slope obtained from the corresponding linear relationship. These were the micropore volume, W o' the characteristic energy, Eo' the accessible pore width, L, the DR surface area, SDR' as obtained from the value ofW o (Iley et at. 1973) , and the micropore surface area, Smic [see equation (3) The values listed in Table 2 clearly indicate that the adsorption of CO 2 yielded much higher values for the surface area in all cases than when nitrogen was employed as the adsorbate, with the values of the S~~2/S:iT ratio lying in the range 2.0---13.3. The sole exception was the case of CS which exhibited a much higher ratio of 30. Many previous studies have reported similar results for carbonized materials and even for activated carbons of low bum-off [see, for example, LinaresSolano et at. (1980); Carrasco-Marin et al. (1993 , 1996 ; Lussier et at. (1994) ; Gergova and Eser (1996): Jankowska (1996) ]. This was ascribed to very narrow microporosity or to the presence of constrictions in the micropore entrances leading to a restricted activated diffusion of nitrogen at the low temperatures employed for the adsorption experiments. This would mean that the micropore dimensions in the carbonized products were only slightly larger than those of the adsorbate molecule. The adsorption of CO 2 at ?273 K was reported to be fast. and measurable values were determined for the micropore volumes of chars obtained at 850°C (Gonzalez et al. 1997) . Ultramicroporosity in carbonized biomass materials has been attributed to the deposition at the pore entrances of secondary carbon formed by volatile decomposition during carbonization (Rodriguez-Reinoso and Molina-Sabio 1992).
The data recorded in Table 2 support the above postulates as far as the three parameters En' Land Sm;" are concerned. Values of Enin the range 20.0---32.0 kl/mol point to the predominantly microporous character of the chars studied. This is reflected in calculated pore width values of 0.53-1.2 nm and in microporous surface areas which correspond to ?50% of the apparent surface areas.
On this basis it is possible to discriminate between the lignocellulosic materials investigated. Thus HZ, BA and RHW yielded ultramicroporous chars with accessible pore widths of ca. 0.5 nm and surface areas which were completely associated with micropores. Next come BQ, WM, CS and AS with somewhat wider ultramicropores (0.75--0.92 nm) and areas within micropores which were -70o/c of the total area. A group of precursors produced chars which showed a slightly higher porosity. i.e. RH. OPB. OPL, OP, as andAP (L =0.97-1.12 nrn), with good apparent surface areas of 48-184 m 2/g but with a lower degree of micropore surface area. Finally, the group consisting of FS, PS and CC exhibited mean pore widths which were within the supermicropore range (1.20-1.24 nm) but again with good apparent surface areas (S~' =58-184 m 2/g).
Despite all the substrates being biomass materials, the results obtained indicate a wide variation in the porosity of the chars generated by simple pyrolysis at 550°C. This again confirms the impact of the structure-forming porosity of the original botanical sample in determining the porosity of the char obtained.
Adsorption from aqueous solution
Estimation of the surface area of the chars by the adsorption of nitrogen or CO 2 as a means of characterizing the carbonaceous materials does not supply sufficient information to arrive at an informed decision regarding the potential of the materials for purification or decontamination purposes. For this reason, studies are generally undertaken of the uptake of Methylene Blue (MB) to characterize the mesopore capacity (pore diameters~13 A) since this dye molecule also serves as a model compound for the adsorption of organic materials from aqueous solutions. In addition, the adsorption of iodine from aqueous solution is routinely used to compare surface areas of adsorbents with pore diameters~loA (Lussier et al. 1994; Gergova et al. 1994; Gergova and Eser 1996) . The adsorption capacity of the iodine molecule expressed in mg/g has been postulated to be equal to the surface area occupied by its molecules expressed in m 2/g.
As far as the adsorption of MB is concerned, the values listed in Table 3 indicate that very similar uptakes with a mean value of 11.9 mg/g were observed for all the chars studied. If the area covered by an MB molecule adsorbed on the surface is taken as being equal to 120 A2, this mean value would indicate that the mean surface area available to the dye molecule would be 28.4 m 2/g. This value is higher than most of all the S:h values obtained, being only near to that for rice husks where it corresponds to -80% of the area measured. However, according to Giles et al. (1970) , MB is sometimes adsorbed as aggregates of average number n =2. In this case, the value of S~m would be halved. i.e. to 14.2 m 2/g, which is still higher than most of the S:h values which lie in the range 6.1-11.2 m 2/g. This suggests that the uptake of MB arises not only from physical adsorption on the surface and inside accessible pores, but that its cationic nature may also enhance its attraction to polar or ionic sites present on the surface of the charred products. It should be noted that the low uptake values for MB noted in the present work are comparable to those reported by LinaresSolano et al. (1980) of 9-22 mg/g for air-activated chars and for CO,-activated carbons of low hum-off.
In contrast. the iodine uptakes (32-56 mg/g) were much higher than those recorded for MB and also relative to the values of S:h, i.e. the values were 2-7 times greater than those for S:h. Such hehaviour has been observed in our laboratory many times with different precursors. In order to understand these extraordinary values for the uptake of iodine, it is necessary to return once more to the nature of the chars under study. Khristova and Khalifa (1993) have reported that charcoals obtained from different wood species under varying conditions contained 15-22% volatile matter. Also. charcoals obtained from walnuts by carbonization at 6OD-900°C exhibited a volatile content of 2.~.6% (Shaoping et al. 1996) . It has been speculated that the residual structures obtained on carbonization contain unsaturated double bonds as well as chemical functional groups and that these double bonds also take part in the uptake of iodine. Thus, the adsorption of iodine by chars occurs by a combination of surface adsorption on the accessible porosity as well as addition to the unsaturated groups present in the structure. This trend may be particularly characteristic for chars as well as activated carbons of low burn-off. In these cases, therefore, the iodine value should be TABLE3. Iodine considered very warily. It should be noted that in the present studies the prolonged contact maintained between the char and the iodine solution (24 h) prior to measurement could encourage interference of a surface chemical nature in the uptake observed.
